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Abstract. It has long been recognized that photoelectrons can enhance the ambipo-
lar electric fields affecting polar wind outflows [e.g., Azford, 1968; Lemaire, 1972].
Since ionospheric ions and electrons are produced in large part by photoionization
of the neutral atmosphere at lower altitudes, and the maximum photoelectron pro-
duction rate occurs in the 130—140 km altitude range, it is essential to model this
photoelectron-driven polar wind self-consistently from the E region to an altitude of
several Earth radii. Here we describe a new steady state coupled fluid-semikinetic
model to efficiently couple the source region to the high-altitude regions. This
model couples a fluid treatment for the 120—800 km altitude range, a generalized
semikinetic (GSK) treatment for the altitude range 800 km to 2 Rg, and a steady
state collisionless semikinetic method for the altitude range 2—9 Rp. We apply this
model to investigate the photoelectron-driven polar wind with ionospheric condi-
tions ranging from solar minimum (Fyo.7 = 90) to solar maximum (Fio7 = 200).
The OF and H™ densities are found to increase by factors of approximately 5 and 2,
respectively, from solar minimum to solar maximum below 3 Ry altitude. However,
the parallel bulk velocities display little variation with increased Fjg7 for altitudes
below 3 Rg. An electric potential layer of the order of 40 V develops above 3 Rp
altitude, when the included downward magnetosheath electron fluxes (such as polar
rain) are insufficient to balance the ionospheric photoelectron flux. Such potential
layers accelerate the ionospheric ions to supersonic speeds at high altitudes, above 3
RE, but not at low altitudes. We also found that the potential layer decreases from
40 to 8.5 V for solar minimum conditions and from 46 to 12 V for solar maximum
conditions when the magnetospheric electron density is increased from 0.05 to 2

cm

1. Introduction

In the 1960s it was suggested that light ionospheric
ions (H* and He') might be able to escape along
“open” magnetic field lines from the topside ionosphere
into the tail regions of the magnetosphere via an evap-
orative process [e.g:, Bauer, 1966; Dessler and Michel,
1966]. Azford [1968] argued that the outflow of plasma
should be supersonic and referred to it as the “polar
wind” in analogy to the solar wind. A simple hydrody-
namic description predicted supersonic ion outflow at

INow at Mission Research Corporation, Nashua, New
Hampshire.

Copyright 1998 by the American Geophysical Union.

Paper number 97JA03085.
0148-0227/98/97JA-03085$09.00

2000—5000 km altitudes [e.g., Banks and Holzer, 1968,
1969], while Lemaire and Scherer [1970] obtained simi-
lar results using a semikinetic evaporation-based theory.

Direct observations of the polar wind were first made
on Explorer 31 (at an altitude range of 500 to 3000
km) and ISIS 2 (in a circular polar orbit at 1400 km)
satellites [Hoffman, 1970; Hoffman et al., 1974; Hoff-
man and Dodson, 1980]. The results confirmed that an
upward flow of both H* and He' ions exists at all times
over the entire polar region. Supersonic H* flows along
high-latitude field lines were observed for the first time
by the retarding ion mass spectrometer (RIMS) on Dy-
namics Explorer (DE) 1 [Nagai et al., 1984; Olsen et
al., 1986], in general accord with classical polar wind
model results.

The expansion of ionospheric plasma along polar field
lines may be characterized by three regions. The first
region extends from approximately 80 km altitude up
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to 800 km where ion-ion and ion-neutral collisions are
dominant. Molecular ions (NI, OF, NO*) dominate
below the F} peak (about 180 km altitude) where the
ion dynamics are dominated by collisions with neutrals.
Tonospheric ions and electrons are produced by pho-
toionization of the neutral constituents. Ot ions display
a significant upward or downward characteristic drift at
high latitudes [Loranc et al., 1991], which varies consid-
erably depending on the flux tube’s history of convec-
tion, electron precipitation, and other characteristics.
An ambipolar electric field produced between the heavy
O™ ions and light electrons acts to decelerate and ac-
celerate the flow of electrons and ions, respectively, so
as to maintain quasi-neutrality and low or zero current.
Hydrogen ions are created due to the accidentally reso-
nant charge exchange reaction Ot +H—O+H* and are
subsequently accelerated upward along the geornagnetic
field by the ambipolar electric field. Since OF charge ex-
change is the main source for H* and also determines
the magnitude of the ambipolar electric field, a self-
consistent model of the polar wind must include both
the OF and H* source regions. In this region, ion-ion
self-collisions prevail, and if convection is slow, the tem-
perature distribution is isotropic, and the heat flow is
proportional to the temperature gradient.

The second region may be referred to as the transi-
tion region, in which the dominant ion changes from
O7 to H* and the plasma becomes nearly collisionless.
H* and O% production/loss processes are unimportant
in this region. Depending on the precise definition, the
transition region will vary in range but can be said to be
approximately 1000 to 5000 km. The competing effects
of the ambipolar electric field acceleration of HT and
collisional drag with OF lead to non-Maxwellian H*
velocity distributions, including downwardly stretched
tails or heat fluxes [e.g., Wilson, 1992]. This region is
complicated because HT-OT collisions tend to distort
the HT velocity distribution, while H* self-collisions
tend to thermalize them, but this thermalization is not
complete because of the long self-collision relaxation
times compared to the ion transport times [Wilson,
1995; Ho et al.,, 1997].

The third region spans the top of the transition region
at about 5000 km to several Rg and is characterized by
collisionless flow, defined as the collisional mean free
path being much greater than the magnetic and plasma
scale heights. In the collisionless regime, ion distribu-
tion functions may be highly non-Maxwellian, including
the presence of strong parallel heat fluxes, conics, rings,
and multiple streams, which often occur because of au-
roral processes. The mathematical formulation of such
polar plasma transport, including the description of en-
ergized heavy ions and allowing for large heat flows and
temperature anisotropies, is considerably more compli-
cated.

The collision-dominated characteristics of the flow
have been extensively studied with hydrodynamic (fluid)
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steady state models [Banks and Holzer, 1968, 1969;
Marubashi, 1970; Raitt et al., 1975, 1977, 1978a, b;
Schunk and Nagy, 1978; Barakat and Schunk, 1984b;
Barakat et al., 1987; Moore, 1980; Ottley and Schunk,
1980]. In the higher-altitude, nearly collisionless regime
the mathematical formulation of the polar plasma trans-
port is considerably more complicated. This collision-
less regime has been modeled with hydromagnetic [Hol-
zer et al., 1971], kinetic [Lemaire, 1972; Lemaire and
Scherer, 1973], and semikinetic [Barakat and Schunk,
1983, 1984a; Li et al,, 1988] treatments. Also, gener-
alized transport equations that include both collision-
dominated and collisionless characteristics of ion out-
flow have been used. Schunk and Watkins [1981, 1982]
have studied a fully ionized HT-O%-electron anisotropic
plasma along geomagnetic field lines from 1500 km up
to 12,000 km altitude based on the 13-moment sys-
tem of transport equations. Demars and Schunk [1986,
1987] have used the bi-Maxwellian-based 16-moment
transport equations for applications to the polar wind
and related problems. These aforementioned studies
of the classical polar wind were for steady state con-
ditions with emphasis on elucidating the physical pro-
cess. In the past 10 years, attention has been focused
on studying the temporal characteristics of the polar
wind. Hence time-dependent hydrodynamic models
[Singh and Schunk, 1985; Gombosi et al., 1985; Gom-
bosi and Killeen, 1987; Gombosi and Schunk, 1988;
Schunk and Sojka, 1989; Ganguli, 1986; Ganguli and
Palmadesso, 1987; Ganguli et al., 1987] and time-depen-
dent generalized semikinetic (GSK) models [e.g., Wilson
et al., 1990; Wilson, 1992; Brown et al., 1995; Ho et al.,
1997] have been developed.

It has been recognized that the presence of suprather-
mal electrons, such as photoelectrons produced in the
upper atmosphere during the ionization of neutral spe-
cies by solar EUV radiation, can enhance the ambipolar
electric fields that propel polar wind outflows [e.g., Az-
ford, 1968; Lemaire, 1972]. Azford [1968] suggested that
a flux of 2 x 108 cm~2 s~ of escaping photoelectrons
is required to draw out of the polar ionosphere all the
He™ ions produced in the atmosphere. Collisionless ki-
netic calculations by Lemaire [1972] have shewn that
the additional electric force due to the escaping photo-
electrons can accelerate the ions to higher velocities if
the photoelectron flux is larger than the escape flux of
the thermal electrons in the polar wind.

Winningham and Gurgiolo [1982] and Horwitz et al.
[1992] have reported indications of significant poten-
tials of the order of 5—40 V, distributed along polar
magnetic field lines, and have suggested a possible as-
sociation with atmospheric photoelectrons. The effects
of hot magnetospheric electrons, such as polar rain,
have-been investigated, though with rather incomplete
methods, by Barakat and-Schunk [1984a] and Ho et al.
[1992]. Suprathermal electrons also transfer energy to
other plasma components through collisions and waves
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le.g., Khazanov et al., 1994]. Akebono observations
have shown that the polar wind velocity was gener-
ally higher on the dayside than on the nightside and
was strongly correlated with the ambient electron tem-
perature [Abe et al, 1993a, b]. The correlation was
strongest, that is, the relative increase in ion velocity
with electron temperature was largest, at high altitude.
This result may be attributable to the cumulative effect
of ion acceleration due to the ambipolar electric field
along the field line. Yau et al. [1995] have reported
Akebono observations of anisotropic electron velocity
distributions in the sunlit polar wind, in which the av-
- erage energy (temperature) of the thermal electrons is
higher in the upward magnetic field direction than in
the downward and perpendicular directions. Yasseen
et al. [1989] showed that the ionospheric photoelec-
trons are the source of both the upward suprathermal
field-aligned electron fluxes obtained at high altitudes
(22,400 km), and the downward fluxes, obtained at low
altitudes (600 km; see their Figure 1), reflected by an
assumed upward electric field.

Tam et al. [1995] showed that the suprathermal pho-
toelectron contribution to the heat flux dominated that
of the thermal electrons obtained from a self-consistent
generalized fluid calculation, and they argued, using
quasi-neutrality and current-free constraints, that pho-
toelectrons may significantly increase the ambipolar
electric fields, which, in turn, should increase ion flow
velocities. They suggested that the photoelectron-en-
hanced electric field may play a significant role in pro-
pelling the polar wind in the dayside polar region. A
more recent collisionless semikinetic model for achiev-
ing zero current for polar wind outflow on open flux
tubes by Wilson et al. [1997] has indicated a 45—60 V
discontinuous potential drop which may reflect most of
the photoelectrons back toward the ionosphere.

However, these models [Tam et al., 1995; Wilson et
al., 1997] adopted 500 km altitude boundary conditions,
and since ionospheric ions and electrons are produced in
large part by photoionization of the neutral atmosphere
at lower altitudes, the models are incomplete and not
self-consistent. These photoionization processes occur
primarily below 500 km' altitude, and the maximum
photoelectron production rate occurs in the 130—140
km altitude range.

Therefore a truly self-consistent model of the photo-
electron-driven polar wind should ideally incorporate
and properly couple to the lower-altitude sources of
both the ionosphere thermal plasmas and the suprather-
mal photoelectrons. We have therefore developed a
coupled fluid-semikinetic model for ionospheric plasma
outflow with photoelectron inclusion of effects on the
parallel driving electric field. This model uses a pro-
cedure for describing the ionosphere with a low-speed
fluid treatment for the 120—800 km altitude range, cou-
pling this fluid treatment to a GSK treatment [ Wilson,
1992, 1994] for the altitude range 800 km to 2 Rg and
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then coupling this treatment to a steady state collision-
less semikinetic treatment with Liouville mapping for
altitudes from 2 to 9 Rg. In this paper we apply this
model, including photoelectron production and ioniza-
tion using a two-stream treatment for photoelectrons at
lower altitudes, to investigate photoelectron effects on
the polar wind from the ionospheric plasma and photo-
electron source region to the high-altitude regions for
different solar and ionospheric conditions, as well as
magnetosheath particle conditions at the upper portion
of the flux tube.

2. Model Description

Mean free path estimates indicate that the polar wind
is collision-dominated (mean free path << plasma scale
height) at low altitudes (<1000—2000 km) and colli-
sionless at higher altitudes (>3000 km). Although sev-
eral models have been developed for studying the polar
wind, neither purely fluid-based nor pyrely semikinetic
methods are likely to be adequate for accurately and ef-
ficiently modeling the ionospheric plasma outflow from
the F region (the source ‘of the polar wind) to high al-
titudes. It is inaccurate to use a fluid treatment for de-
scribing the non-Maxwellian ion distribution functions
in the higher-altitude, nearly collisionless regimes, and
it is computationally infeasible or at least inefficient to
use a semikinetic treatment for the ions in the lower
ionosphere, where the high densities involve very large
numbers of simulation ions and timescales for collisional
and chemistry processes are short. Therefore coupling
a fluid treatment at low altitudes to a semikinetic treat-
ment at high altitudes may be an appropriate approach
for studying high-latitude ionospheric ion outflows. In
this paper we examine the steady state photoelectron-
driven polar wind solutions, using the coupled fluid-
semikinetic treatment. This model is applied to the
polar cap region (latitude of >80°) and is divided into
three altitudinal zones, which are shown in Figure 1.
The lower interface altitude is placed at 800 km altitude
here, but in fact the lower interface altitude will vary
depending on the non-Maxwellian driving influences in
the particular problem. The upper interface altitude
is placed at 2 Rg, as a transition from the collisional
semikinetic zone to the collisionless zone. We adopted
the MSIS-86 neutral atmosphere for the first (fluid) and
second (GSK) regions.

To obtain the initial solution for the plasma bulk pa-
rameters in the low-altitude (120—800 km) portion of
the solution region, we solved the fluid transport equa-
tions using a modified and truncated version of the field
line interhemispheric plasma (FLIP) model [Richards
and Torr, 1988; Torr et al., 1990], in which the inter-
hemispheric coupling is turned off and replaced by up-
per boundary conditions given below in equations (7)
and (8). A two-stream treatment for photoelectrons is
treated in the fluid portion with an initial condition that
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Figure 1. Coupled fluid-semikinetic simulation region.
The fluid zone extends from 120 to 800 km altitude, the
GSK zone extends from 800 km to 2 Rg altitude, and
the collisionless semikinetic zone ranges from 2 to 9 Rg
altitude.

set zero downward photoelectron flux at 800 km. This
yielded the bulk parameters for each ion species (densi-
ties, flow velocities, temperatures, and heat flows), ther-
~mal electrons (temperature), and photoelectrons (aver-
age energy and density flux) at 800 km altitude.

We then constructed the initial OF density profile for
the GSK portion as a hydrostatic Ot profile with initial
scale height obtained near the interface:

r 7”800] (1)

No+(r) = No+(rsoo) exp [ Vi

_ 800 — T'800-5
In No+ (7"800) —In N0+ (T300_5)

(2)

where No+(r) is the Ot density above the lower in-
terface (rso0), and No+(rsoo) and No+(rgoo—5) are the
densities at 800 km and five spatial cells below 800 km
given from the fluid treatment, respectively. We con-
structed the upward injected portion of the ion distri-
bution function for the semikinetic zone:

(s J2k)/2
FrolVi 2 0) = N, el ZTE) T
( I ) - T_Lso\/ Tilso
ms(V| = Uso)®?  m,V}
XP = 2k/11||so B 2k'TJ_.«:o (3)

fso(V[] < O) =0 (4)
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where the subscript o indicates a value at the base of
the GSK zone and s represents the species of ion. Vj
and V| are the parallel and perpendicular velocities,
Nso, Tjjso, and T'y 4, are the ion density and parallel and
perpendicular temperatures for the bottom of the GSK
zone, m; is the ion mass, k£ is Boltzmann’s constant,
and U, is the bulk parallel flow velocity parameter.

The ionospheric Ht ‘and OF ions were modelled by
following the kinetic gyrocenters of a large number of
test particles [e.g., Wilson et al., 1990; Brown et al.,
1991, 1995; Wilson, 1992, 1994; Ho et al., 1997]. Each
particle was advanced subject to the gravitational, elec-
tric, and magnetic mirror forces

v
m—di—:—mg+qE” —-puv B

(®)
where m, ¢, V||, and p are the particle’s mass, charge,
velocity along the magnetic field line, and magnetic mo-
ment, respectively. Ej is the electric field component
along the magnetic field direction, g is gravitational ac-
celeration, and B is the magnetic field, which is based
on the dipole field variation with altitude, which is ap-
proximately proportional to 1/r3, collisions with other
ions were also included, as in Ho et al. [1997].

We included the ion heating by Coulomb collisions
with the (typically hotter) electrons in the GSK zone.
Our heating technique is based on work by Sturrock
[1966] and Puri [1966] for a magnetized plasma. The
method has been described by Brown et al. [1991] in
their equations (4) and (5). We included both perpen-
dicular heating and parallel heating of the ions by the
thermal electrons.

8)(107 T o T T T T T T T T T
6x107 | i

4><1O7— ' -

N
X
2
o
U
T
1

Photoelectron Flux (eV'em™?sec™)

0 20 40 60
Photoelectron Energy (eV)

80

Figure 2. Photoelectron energy spectra at 800 km al-
titude. The solid and dashed lines represent spectra for
solar minimum and maximum conditions, respectively.
The total photoelectron flux is 8.6 x 108 cm=2 s~! at
solar minimum and 1.3 x 10° cm~2 s~! at solar maxi-
mum. The average energy is 13.2 eV at solar minimum
and 17.7 eV at solar maximum.
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The initial conditions for the GSK portion were based
on the steady state solution in the absence of photoelec-
tron effects [Su et al., 1995]. The photoelectron distri-
bution at the bottom of the GSK portion was repre-
sented as a Maxwellian distribution function, which is
a simplified form based on the non-Maxwellian distri-
bution obtained from the two-stream model (Figure 2),
with the same average energy and total density flux.
The photoelectron densities above 800 km were deter-
mined by Liouville mapping Maxwellian photoelectron
source distributions from the 800 km altitude and in-
cluding a cutoff energy at 60 eV. This cutoff energy at
60 eV was obtained from the photoelectron energy spec-
trum yielded in the two-stream photoelectron model as
shown in Figure 2. The cutoff energy at 60 eV is also
consistent with Atmosphere Explorer (AE-E) measure-
ments [Lee et al., 1980]. The thermal electron densi-
ties were obtained through the quasi-neutrality with the
Boltzmann relation, where the thermal electron bulk
velocity was assumed to be zero. For closure we it-
eratively adjusted the electric potential to satisfy the
quasi-neutrality condition, which assumed zero poten-
tial at 800 km altitude.

The flux tube from 2 to 9 Rg was modeled by using a
steady state collisionless semikinetic model, essentially
as described by Li et al. [1988] and Barakat and Schunk
[1983]. One modification here was to allow arbitrary ion
distribution functions at the lower boundary instead of
only isotropic Maxwellians or bi-Maxwellians. We took
the ion distributions at the upper interface altitude from
the GSK zone as the lower boundary condition for the
collisionless zone, mapping to high-altitude regions us-
ing the Liouville theorem, conservation of energy, and
conservation of the first adiabatic invariant. The ther-
mal electron densities in the third zone also were ob-
tained from the Boltzmann relation, and the photoelec-
tron densities were again solved with the Liouville map-
ping method as in the GSK portion.

The plasma must adjust itself such that a large field-
aligned current does not develop. There are several pos-
sibilities as to how this adjustment could occur: (1) The
ionospheric ions could be energized so as to produce
upflowing fluxes comparable to those of the photoelec-
trons. Such high-speed low-altitude outflows were pre-
dicted by Tam et al. [1995] but have not been observed,
(2) Magnetosheath electrons could be drawn down the
field line to balance the photoelectron flux, thereby re-
ducing the need for the ionospheric ions to provide the
current balance. Typical polar rain particle fluxes in
the topside ionosphere lie in the range 107 — 10% cm™2
s~! with energies of about 100 eV [Winningham and
Heikkila, 1974], smaller than the observed upward pho-
toelectron fluxes of 10° cm=2 s~! (varing from 8.6 x 103
for the solar minimum to 1.3 x 10° for the solar max-
imum at 800 km from our two-stream model), (3) A
potential barrier, perhaps in the range 5—40 V, could
develop to reflect most of the photoelectrons back to the
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ionosphere [ Winningham and Gurgiolo, 1982; Pollock et
al., 1991; Horwitz et al., 1992)]. \

Because magnetospheric electrons, such as those in
the polar rain, could be drawn down the field line to
balance the photoelectron flux, and a potential bar-
rier that reflects most of the photoelectrons back to
the ionosphere could develop, magnetospheric electrons
with a net downward drift are included at the 9 Rg up-
per boundary. The magnetosheath plasma enters the
magnetosphere through merging of the the interplane-
tary magnetic field with the Earth’s magnetic field. The
high-energy ions associated with the polar rain were ob-
served and modeled in Plate 1 of Newell et al. [1995].
Therefore magnetospheric protons with a net downward
drift are also included at the 9 Rg upper boundary. The
downward proton and electron densities and tempera-
tures are assumed to be 0.05 cm™3 and 100 eV at the
top boundary in our simulation.

We solved for the densities for all species via the
Liouville mapping technique. For closure we itera-
tively adjusted the electric potential to satisfy the quasi-
neutrality condition,

Nue(9) + Npe(¢) + Ne(9) = (6)
Ng+(¢) + No+(9) + Nuri() (7)

where Njse, Npe, Ne, Ng+, No+, and Ny, are the den-
sities for magnetosheath electrons, photoelectrons, ther-
mal electrons, H* ions, Ot ions, and magnetosheath
H™ ions (as functions of the electric potential ¢), respec-
tively. The electric potential barrier was iteratively ad-
justed until a currentless condition was achieved across
the lower interface altitude at 800 km.

After we solved for the steady state solution for the
high-altitude portion, the resulting distribution func-
tion solution then provided bulk parameters at the bot-
tom cell of the GSK zone (densities, flow velocities, tem-
peratures, and heat flows). We then used those param-
eters as boundary conditions for the top cell of the fluid
zone and solved the fluid equations below 800 km with
upper boundary conditions given by

[—kTiS/ZVTi]fzuid = Qygsk,i — (Cei + Cni + Ci5)AS (8)

NViiai = NVski — (I — Q)AS (9)

where Qgsk,; and NV, ; are the heat flux and density
flux given from the bottom of the GSK zone. NVjiy;a,,

T;, and lcTis/ ? are the density flux, temperature, and
thermal conductivity of the top of the fluid zone for
each species i (Ht and OF). Ce, Chi, and Cy; are
the collisional heating/cooling rates for the ions with
electrons, neutrals, and another species of ions, respec-
tively. Since we assumed one cell overlap region between
the fluid zone and the GSK zone, AS is the length of
the overlap cell, and ¢ and ! represent the ionization
production and loss terms. The heating/cooling terms
included in (7) across a single cell in the boundary con-
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Figure 3. Flowchart of the

ditions cause a discontinuity of the Ot heat flux at the
interface altitude due to local production in the transi-
tion cell.

Much of the upward photoelectron spectrum would
be reflected back to the ionosphere by a significant
electric potential barrier calculated for the collisionless
zone. Since the two-stream treatment was used for the
photoelectrons in the fluid zone, the downward photo-
electron boundary condition is needed at 800 km. The
downward photoelectron energy spectrum is assumed
to be a Maxwellian while a potential barrier occurs,
usually around 3—5 Rg. The downward photoelectron
cutoff energy is described as the potential drop from
the fluid boundary to the point where the potential
barrier occurs. The high-energy (>100 eV) downward
magnetospheric electrons are not included in the fluid
zone. When we include penetration of the magneto-
spheric electrons into the ionosphere, the back scattered
electron flux is about 6.6 x 107 cm~2 s™! for solar max-
imum conditions, which is less than the photoelectron
flux (about 1.3 x 10° cm~2 s~! for solar maximum con-
ditions). Tt increases the potential barrier at high alti-
tudes by less than 1 V. The secondary electrons created
from the polar rain dissipated much of their energy in
the ionosphere in nonionizing as well as ionizing colli-
sions. We tentatively suggest that neglecting the mag-
netospheric electron effects on the ionosphere will not
affect the conclusions of this paper significantly.

After again solving for the new bulk parameter pro-
files for below 800 km we then iterated the GSK injec-
tion and solution procedure again with these parame-
ters in the lowest GSK cell, up to the collisionless por-
tion. This procedure was repeated until a satisfactory
parameter match of all moment parameters at both in-
terfaces was attained, and we obtained a proper steady
state photoelectron-driven polar wind solution for the
whole flux tube including the low- and high-altitude re-

couple fluid-semikinetic model.

gions. Figure 3 shows the summary flowchart of the
coupled fluid-semikinetic model.

3. Results

Using the coupled fluid-semikinetic model, we first
investigate the steady state photoelectron-driven po-
lar wind for different solar and ionospheric conditions.
In this paper we examine the characteristics of the
photoelectron-driven polar wind under solar minimum
and maximum conditions, referenced to the solar EUV
flux at 10.7 cm wavelength, Fig.7. The solar EUV fluxes
are obtained from the EUVAC model [Richards et al.,
1994]. The integrated solar flux increases by about
a factor of 2—3 from solar minimum to solar maxi-
mum. The main effect of increased solar activity on
the MSIS model is to increase the neutral temperature
which leads to increased neutral densities at F' region
altitudes. The neutral exospheric temperature increases
from 970 K for Fio.7 = 90 to 1370 K for Fig.7 = 200,
while the N5 and O densities increase by about a fac-
tor of 3. However, the principal difference of impor-
tance here is the change in the photoelectron fluxes from
8.6 x 108 to 1.3 x 10° ecm~2 s~ 1.

To understand how the photoelectron-driven polar
wind could vary with solar zenith angle (day-night
asymmetries), we have examined ionospheric conditions
with different zenith angles for the ionospheric fluid por-
tion of the treatment. The photoelectron number fluxes
and average energies with zenith angles from 0° to 180°
at 800 km altitude for both solar minimum and max-
imum conditions are shown in Figure 4. This figure
shows that a significant decrease in photoelectron flux
with increasing solar zenith angle occurs from 90° to
115° for both solar minimum and maximum conditions.
Thus it would be expected that the largest changes in at
least the HT polar wind would occur over this range of
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Figure 4. (top) Photoelectron density fluxes and (bot-
tom) average energy with zenith angles from 0° to 180°
at 800 km altitude, calculated with the two-stream
model in the fluid zone for both solar minimum and
maximum conditions, represented by solid lines with
solid circles and dashed lines with open circles, respec-
tively.

solar zenith angles, as might occur near sunset or sun-
rise. The following results are presented for the sunlit
ionosphere, taken here to be for 60° zenith angle for
solar minimum, and 65° for solar maximum.

3.1. Solar Minimum Case

For solar minimum conditions the relevant parame-
ter for the lower ionosphere portion is Fig.7 = 90 ( 10~22
Wm~2 Hz™!). A 13.2 eV characteristic photoelectron
temperature and 8.6 x 108 cm™2 s~! for the photoelec-
tron flux are obtained at 800 km from the two-stream
photoelectron model. The calculated photoelectron en-
ergy spectrum (solid line) at 800 km from the fluid zone
solution is shown in Figure 2. .

To obtain a solution satisfying both zero current
and quasi-neutrality conditions, the model iteratively
modifies the electric potential until charge neutrality is
achieved. This process yields multiple solutions. One
such solution has a relatively small potential drop (<5
V). This solution, however, does not satisfy the current-
less condition because the potential drop along the field
line is insufficient to reflect enough of the photoeler
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trons back toward the ionosphere. However, another
solution yields, for this case, a 40 V potential drop,
much of which occurs in a sharp discontinuity at 3.4 Rg
altitude, and the combination of fluxes for all species
leaves a negligible residual field-aligned current of 0.02
pA m~2 out of the ionosphere. Hence such a solution
can effectively satisfy both the conditions of charge neu-
trality and zero current. It results in downward electron
fluxes into the ionosphere of 6.4 x 107 cm™2 s™!, con-
sistent with polar rain measurements [ Winningham and
Heikkila, 1974). Figure 5 shows ion densities in the first
panel, electron densities in the second panel, ion parallel
bulk flow speeds in the third panel, and the electric po-
tential in the fourth panel for the range 120 km to 9 Rg
altitude. When the 40 V potential drop occurs at 3.4
Rg altitude, both HT and Ot ion densities decrease by
about a factor of 10, and the Ot bulk velocity increases
from 2.5 to 21 km s~! while the H* velocity increases
from 25 to 84 km s™!. The thermal electrons are totally
reflected back to the ionosphere by the potential drop,
as 1s much of the photoelectron spectrum.

To illustrate the differences between the photoelec-
tron-driven polar wind solution and the baseline polar
wind in the absence of photoelectrons and magneto-
spheric populations, Figure 6 shows a comparison be-
tween the photoelectron-driven polar wind results and
baseline polar wind results for solar minimum condi-
tions. Below the potential layer (in the photoelectron
included case) the two results are similar, except that
the Ot density decreases by about a factor of 10 above
the transition region when photoelectron effects are ne-
glected. In the case with photoelectron effects, both Ht
and Ot ions are accelerated by the large potential drop.
The ion density decreases with increasing velocity, since
the number flux remains constant along the flux tube.
However, the Ot velocity is less than 3 km s™!, and HY
velocity is less than 30 km s™1, while the potential drop
is less than 5 V in the case in which photoelectron ef-
fects are neglected. The comparison indicates a strong
influence by photoelectrons and magnetospheric popu-
lations on the polar wind at high altitudes (>3 Rg) but
not at low altitudes.

Since the fluid and semikinetic codes are coupled at
800 km altitude with density flux and heat flux con-
servation conditions, we expect to match all moment
parameters across the interface. Figure 7 shows an
expanded version of the density, bulk velocity, den-
sity flux, temperature, and heat flux profiles in the
120—-5000 km altitude regions and across the lower in-
terface altitude (800 km). Above 1000 km altitude the
density flux and heat flux remain almost constant. A
very good match across the boundary was obtained for
densities, flow speeds, density fluxes, temperatures, and
heat fluxes for the local ions (the OF heat flux has a dis-
continuity due to local production in the overlap cell,
as me discussed earlier). The OF density peak is at
about 250 km altitude, while the HT density peak is at
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Figure 6. Comparison between the photoelectron-driven polar wind results (W) and the results
obtained while neglecting photoelectrons as well as magnetospheric populations (WO) for solar
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550 km. Above the density peaks, both ion densities
decrease with increasing altitude; the Ht ions acceler-
ate from 2 km s~! at 800 km to 19 km s~! at 5000 km
altitude, but the Ot ion velocity is only about 1 km
s71 at 5000 km. v

The H* (top two rows) and O% (bottom two rows)
distribution contours in phase space in the GSK zone
are shown in Figure 8. The circular Ht and O% dis-
tribution function contours at the lowest altitude just
above (800 km) the GSK region are indicative of Max-
wellians and tend to validate our use of a fluid treat-
ment, which presumes such a description up to 800 km
altitude. On the other hand, it is evident that the HT
ion distribution functions depart from simple drifting
Maxwellians above 2000 km or so, validating the im-
portance of utilizing a kinetic treatment for the higher-
altitude treatment. In the transition region (1300—5000
km altitude) the H* distribution functions contain sig-
nificant downward parallel heat fluxes, due to the com-
peting effects of the ambipolar electric field acceleration
of Ht and collisional drag with Ot which lead to these
non-Maxwellian H velocity distributions.

3.2. Solar Maximum Case

For the solar maximum condition the relevant pa-
rameter for the lower ionosphere portion is Fig,7 = 200

(10722 Wm~2 Hz~!). A 17.7 eV characteristic photo-
electron temperature and 1.3 x 10° cm™? s™! for the
photoelectron flux are obtained at 800 km by the two-
stream photoelectron model. The photoelectron energy
spectrum (dashed line) at 800 km is shown in Figure
2. Multiple solutions for the potential profile were ob-
tained, but again we consider only the solutions that
satisfied both the conditions of charge neutrality and
nearly zero current. In this case a 46 V potential
drop between the ionosphere and magnetosphere was
attained with a significant jump at 5.2 Rg altitude.
The magnetospheric electron flux into the ionosphere
is 7.5 x 10" cm~2 57!, and the combination of fluxes for
all species leaves a small residual field-aligned current of
0.01 gA m~2 out of the ionosphere. Ion densities, elec-
tron densities, ion parallel bulk flow speeds, and elec-
tric potential are shown in the first, second, third, and
fourth panels, respectively, of Figure 9 for 120 km to
9 Rg altitude. When the potential barrier (46 V) oc-
curs at 5.2 Rg, ion and photoelectron densities decrease
significantly while the thermal electrons are totally re-
flected back to the ionosphere. The O ions accelerate
to a bulk velocity of 22.5 km s~!, while the Ht ion
velocity increases to 90 km s™1.

To illustrate the differences between the photoelec-
tron-driven polar wind solution and the baseline po-
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10 km s~ ! in both directions.

lar wind solution in the absence of photoelectrons and
magnetospheric populations, Figure 10 shows a com-
parison between the photoelectron-driven polar wind
results and baseline polar wind results for solar maxi-
mum conditions. Again the comparison demonstrates a
strong influence by photoelectrons and magnetospheric
populations on the polar wind at high altitudes but not
at low altitudes.

To illustrate the differences in the solutions for so-
lar minimum and solar maximum conditions, Figure 11
displays the profiles for the electric potential, ion den-
sities, and ion bulk velocities for both solar minimum
and maximum conditions. The total potential drop be-
tween the ionosphere and the magnetosphere in the first
panel in Figure 11 is 40 V for solar minimum and 46 V
for solar maximum. This difference is due to the fact
that the escaping photoelectron flux is about 17 times

greater than the precipitating magnetospheric electron
flux for the solar maximum condition, while it is about
13 times greater for the solar minimum conditton. The
ion flow speeds increase and densities decrease with this
increasing potential drop between the two cases.

A comparison of ion flow speeds and densities for
these solar minimum and maximum conditions is shown
in the center and right panels in Figure 11. Ot is the
dominant ion species at low altitudes (<5000 km al-
titude), and HY becomes the dominant ion species at
higher altitudes (>1 Rg altitude). The ion bulk ve-
locities exhibit no significant differences below the po-
tential layer between the solar maximum and minimum
cases (only H* ions have a slightly higher velocity in
the minimum case than in the maximum case), while
O* densities are 5 times larger in the maximum case
than in the minimum case, and H* densities are only
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Figure 9. Steady state results for solar maximum. The ion densities, electron densities, ion
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panel. In the second panel the solid, dashed, and dotted lines represent the photoelectron, thermal

electron, and magnetosheath electron densities,

respectively. The two horizontal long-dashed lines

of each plot represent the lower and upper interface boundaries.

about twice as large at altitudes below the significant

potential drop. The potential layers accelerate the iono- -

spheric ions at high altitudes (above 3 Rg altitude) but
not at low altitudes (e.g., <3000 km) in our results.

4. Discussion

Our results show that for both the solar minimum
and maximum cases a magnetospheric plasma density
of 0.05 cm™3 was required to balance the photoelectron
current that we used. This finding is consistent with
observations from the plasma mantle [Shodhan et al.,
1996] but is low in comparison with those for the mag-
netosheath [Sibeck and Gosling, 1996]. This condition
results in magnetospheric electron fluxes into the iono-
sphere of about 6—7x107 cm™2 s~!, consistent with
polar rain measurements [Winningham and Heikkila,
1974]. The electric potential layer is computed to be
46 V at solar maximum and 40 V at solar minimum.
The potential layer accelerates Ot ions to 21 (22.5) km
57! and H™ ions to 84 (90) km s~! for solar minimum
(maximum) conditions.

We also examined cases with magnetospheric electron
fluxes increased to 6.5 x 108 cm™2 s™! and a density of
2.2 (1.3) cm™3 for solar minimum (maximum) condi-
tions to obtain a near-currentless condition, although
these fluxes are much higher than observations appear
to support. The results are shown in Figure 12 for solar
minimum conditions and Figure 13 for maximum con-
ditions. In these two cases the upper interface altitude
is at 2.75 Rp, which is 3.75 Rg geocentric distance in
the figures. For such cases the potential drops were
sharply reduced to 8.3 V at solar minimum and 16.2 V
at solar maximum. The ion parallel bulk velocities in
these cases were 30 (50) km s~! for H* ions and 8 (12)
km s~! for Ot ions at high altitudes for solar minimum
(maximum) conditions.

From our simulation results the ion acceleration de-
pends on the potential drop, and the potential layer is
primarily determined by the ionospheric photoelectron
flux and magnetospheric electron flux. To illustrate
the effect of variations in the magnetosheath plasma
density, Figure 14 shows the potential layer versus the
magnetospheric electron density for both solar mini-
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Figure 12. Photoelectron-driven polar wind results with 2.2 em™2 downward magnetospheric
electron density for solar minimum conditions. The format of the plot is similar to that of Figure
5, except the vertical axis is in units of geocentric distance.

mum and maximum conditions. These quantities are
shown in Table 1 as well. The potential layer decreases
with increasing magnetospheric electron flux when the
ionospheric conditions are the same and the magneto-
spheric electron density increases from 0.05 to 2 cm™3.
This result indicates that the potential barrier develops
because the flux of electrons from the magnetosphere

to the ionosphere (as seen in the polar rain) is insuf-
ficient to balance the injected photoelectron flux from
the ionosphere.

Observations of such photoelectron distributions in
the topside ionosphere by Winningham and Heikkila
[1974] and Winningham and Gurgiolo [1982] have led
these authors to conclude that large-scale electrostatic

Table 1. Potential Layer Versus Magnetospheric Ion Density for Solar Mimimum and Maximum

Solar Minimum?®

Solar Maximum”

Nup, cm™ Fyg, cm™2 71 Sp, V Fyug, cm™2 st b, V
0.05 - 6.44x107 39.8 7.51x107 45.7
0.10 1.19x108 36.5 1.35x108 40.9
0.50 3.57x10% 22.0 4.36x10® 26.4
1.00 5.16x10° 15.3 6.27x10°% 18.9
1.50 5.82%10% 11.4 7.30x 108 14.6
2.00 6.24x108 8.5 7.90x 108 11.7

Nu g is the magnetospheric electron density, Fasg is the magnetospheric electron number flux, and
® g is the potential drop.

@ Fi9.7 = 90, solar zenith angle = 60°, photoelectron average energy = 13.35 eV, and photoelectron
number flux = 8.52x10% cm™2 s~ 1.

> Fi0.7 = 200, solar zenith angle = 65°, photoelectron average energy = 17.7 eV, and photéelectron
number flux = 1.3x10%° cm™2 s,
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Figure 13. Photoelectron-driven polar wind results with 1.3 cm™3 downward magnetospheric
electron density for solar maximum conditions. The format of the plot is similar to that of Figure
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potential drops exist above the spacecraft (ISIS 1 and
DE 2, respectively) along polar magnetic field lines con-
nected to regions of photoelectron production. Further,
more detailed, survey observations of atmospheric pho-
toelectrons from DE 1 [Pollock et al., 1991; Horwitz et
al., 1992] have indicated that a field-aligned potential
drop of the order of 5—40 V may exist above the low
altitude of the DE 2 spacecraft (about 1000 km), partic-
ularly toward the dayside. Such electrostatic potential
drops reflect electrons back toward Earth, and positive
ions entering the potential drop region from below are
accelerated outward, away from the ionosphere. The
average flow speeds of the Ot and H™ ions in the polar
cap at altitudes up to 1 Rg do not suggest large po-
tential differences (5 V or more) between the F' region
and an altitude of 1 Rp [e.g., Chandler et al., 1991;
Abe et al., 1993a]. This observation may be contrasted
with the kinetic collisional calculations by Tam et al
[1995] which have suggested that significant potential
drops (about 10 V) would occur below 2000 km alti-
tude and Ot and Ht velocities of 10—40 km s™! near
600 km altitude. A direct comparison of our new results
on the photoelectron-driven polar wind with the results
by Tam et al. [1995] from 500 to 12,000 km altitude is
shown in Figure 15. The lines present our results for
solar maximum, and the symbols are scaled from the

results by Tam et al. [1995]. Below 12,000 km altitude
the potential drop is less than 3 V in our results. Our
modeling results and those of Wilson et al. [1997] indi-
cate that the large potential drops of the order of 40 V
or higher may occur, but at high altitudes, above 3 Rg.
Such potential layers would accelerate the ionospheric
ions at these high altitudes (>3 Rg) which seem consis-
tent with observations, but our model does not predict
the low-altitude (<3000 km) ion acceleration suggested
by Tam et al. [1995].

Barakat and Schunk [1983], using the steady state
collisionless semikinetic model, concluded that ener-
getic Ot outflow occurs at high altitude when the elec-
tron temperature is high (10,000 K), but not with 3000
K electron temperature. Later, Barakat and Schunk
[1984a] included effects of hot electrons, polar rain, po-
lar showers, and polar squall and further studied the
polar wind with a semikinetic model for the altitude
region 4500 km to 10.5 Rg. When the hot/cold elec-
tron temperature ratio was greater than 100 and the
hot/cold density ratio was greater than 0.01, a “double-
layer” potential barrier occurred, which reflected the
cold ionospheric electrons and prevented them from at-
taining higher altitudes. We compare our results with
the results of Barakat and Schunk [1983, 1984a] in Fig-
ure 16, where the H* densities, Ot densities, Ht ve-
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Figure 14. Potential drop versus magnetospheric elec-
tron density. The solid and long-dashed lines represent
the solar minimum and maximum conditions, respec-
tively.

locities, and OF velocities are shown in the first, sec-
ond, third, and fourth panels, respectively. The dia-
monds are scaled from the original case, which was as-

sumed 3000 K for the thermal electron temperature, -

and the triangles are scaled from the case in which
Barakat and Schunk [1983] assumed the electron tem-
perature to be 10,000 K. The asterisks with solid lines
are scaled from the case with a hot/cold electron tem-
perature ratio of 100, while the hot/cold electron den-
sity ratio is 0.01 [Barakat and Schunk, 1984a). The solid
and long-dashed lines present our photoelectron-driven
polar wind results and the results which obtained by ne-
glecting photoelectrons as well as magnetospheric popu-
lations, respectively. Both Ht and OF densities at 4500
km altitude from the Barakat and Schunk [1983, 1984al
papers are about 1 — 2 orders of magnitude larger than
the densities were from our results, while the velocities
are comparable. Barakat and Schunk [1983, 1984a] as-
sumed ion fluxes of about 1 x 108 cm~2 s™! at their
lower boundary, which is higher than the total ion flux
from our fluid calculation, which at 800 km altitude is
of the order of 107 in the polar cap region. It is interest-
ing to note that the Barakat and Schunk [1984a] results
contain a potential layer discontinuity similar to the
potential discontinuity in our own photoelectron-driven
polar wind results. For higher hot electron temperature
and a greater percentage of hot electrons [Barakat and
Schunk, 1984a] there is a sharp transition, which corre-
sponds to a contact surface between the hot and cold
electrons. They conclude that the “double layer” acts
to reflect the cold ionospheric electrons and retard the
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escaping photoelectrons. From our results it is clear
that the potential barrier occurs because the flux of
electrons from the magnetosphere to the ionosphere is
insufficient to balance the injected photoelectron flux
from the ionosphere.

Yau et al. [1985] concluded that the acceleration al-
titude of Ot upflowing ions is modulated by the at-
mospheric scale height, which increases with increasing
solar activity (EUV flux), but there were no significant
solar cycle variations in the occurrence of HY upflowing
ions observed by the DE 1 satellite (energy ion composi-
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Figure 15. Comparison of our photoelectron-driven

polar wind results with results by Tam et al. [1995].
(top) Densities, (middle) velocities, and (bottom) elec-

tric potentials from 500 to 12,000 km altitude. (top)

The plus signs, asterisks, and diamonds are scaled from
O*, Ht, and photoelectron density profiles in their
Figure 2. (The thermal electron profile overlaps with
the Ot density profile.) The solid, long-dashed, dot-

dashed, and short-dashed lines represent Ot, H*, pho-
toelectron, and thermal electron profiles from our solar
maximum results. (middle) The plus and asterisks signs
are scaled from Ot and H* velocity profiles from their
Figure 3. The solid and long-dashed lines represent O

and H* velocity profile from our results. (bottom) The
plus signs are scaled from their electric potential profile
in Figure 1, and the solid line represents our potential
profile.
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Figure 16. Comparison of our present results with those of semikinetic polar wind studies by
Barakat and Schunk [1983, 1984a]. The H* and O densities are shown in the top two panels,
and velocities are shown in the bottom two panels from 1 to 10.5 Ry altitude. The diamonds are
scaled from profiles with 3000 K electron temperature, and the triangles are scaled from profiles
with 10,000 K electron temperature in Figure 1 of Barakat and Schunk [1983]. The asterisks
are scaled from the profiles with suprathermal electron population in the paper of Barakat and
Schunk [1984a], with hot and cold electron density ratio of 0.01 and temperature ratio of 100.
The solid lines represent our results with photoelectron effects for the solar minimum, and the
long-dashed lines represent our results without photoelectrons and magnetospheric particles.

tions spectrometer) in the high-altitude (8000 — 23,000
km) auroral and polar cap ionosphere-magnetosphere.
Chandler et al. [1991] studied the solar cycle varia-
tions of polar ion outflows by DE 1 retarding ion mass
spectrometer measurements at altitudes between 1000
and 4000 km. The O density increased with increased
Fio.7 at all altitudes. The increase (about a factor of 2
in their Figure 10) is consistent with an increase in the
solar EUV flux, which is assumed to accompany a long-
term increase in the Fig 7 flux. There was no significant
change in the H* density (their Figure 11). They also
indicated that there were few observations from the pe-
riods when Fig.7 > 200 and fewer still for Fig 7 < 100.
Our simulation results indicate that the Ot and H*
densities increase with increased Fyg - for altitudes be-
low 3 Rg. For an Fig7 increase from 90 to 200 the
increase is about a factor of 5 for Ot but only about a
factor of 2 for H*. More recently, Moore et al. [1997]
and Su et al. [1997] have reported preliminary polar
wind H* flow velocities in the range 20—80 km s~! and
Ot flows of 5—25 km s™! along the local magnetic field

from the Thermal Ion Dynamics Experiment(TIDE) on
the POLAR spacecraft at very high altitudes (about 8
Rpg). Our photoelectron-driven polar wind results are
comparable with the highest velocities of these ion out-
flow POLAR/TIDE observations. The average Ot /H*
velocity ratio is about 2/5 from TIDE observation at
high altitude (8 Rg), which suggests the importance
of comparable energy gains (Ot /H* velocity ratio =
1/4). In our photoelectron-driven polar wind results,
both Ot and H* ions gain the same energy from the
potential layer at high altitudes, compatible with the
TIDE observations.

The early kinetic polar wind models including escap-
ing photoelectrons by Lemaire [1972] adopted bound-
ary conditions at 950 km altitude. The recent semiki-
netic models of the photoelectron-driven polar wind
by Tam et al. [1995] and Wilson et al. [1997] have
started from a boundary of 500 km altitude. For all
the early models the lower boundary conditions were
assumed as input parameters, without self-consistent
and direct calculation. However, ionospheric ions and
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electrons are produced in large part by photoioniza-
tion of the neutral atmosphere below 500 km altitude.
Therefore our coupled fluid-semikinetic model, which
incorporates the lower-altitude sources of both the iono-
spheric thermal plasmas and the suprathermal photo-
electrons, is suitable for self-consistently investigating
the photoelectron-driven polar wind. As in this pa-
per, we can examine the differences between solar mini-
mum and maximum conditions, as well as different solar
zenith angle cases for different ionospheric conditions.
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